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Motivated by the recently observed hypernucleus (Kiso event) 15ΞC (14N+Ξ−), we identify the state of this
system theoretically within the framework of the relativistic-mean-field and Skyrme-Hartree-Fock models. The
ΞN interactions are constructed to reproduce the two possibly observed Ξ− removal energies, 4.38±0.25 MeV
or 1.11±0.25 MeV. The present result is preferable to be 14N (g.s.)+Ξ−(1p), corresponding to the latter value.
PACS numbers: 21.80.+a, 13.75.Ev, 21.60.Jz, 21.10.Dr
I. INTRODUCTION
One of the goals of hypernuclear physics is to obtain use-
ful information on the baryon-baryon interactions in a unified
way, which is important in particular for astrophysical appli-
cations [1]. However, hyperon-nucleon (YN) scattering data
are very limited due to the difficulty of YN scattering exper-
iments, and there are no YY scattering data at all. Thus, the
existing YN and YY potential models have a lot of ambiguity,
and in order to constrain them better it is important to study
the structure of hypernuclei, such as single-, double-Λ hyper-
nuclei, and Ξ hypernuclei.
For the ΛN interaction, rich experimental information on Λ
hypernuclei is available [2], in particular accurate measure-
ments of γ-ray spectra have been performed systematically
[3], and used to extract information on the spin-dependent
components of the ΛN interactions through detailed analyses
of hypernuclear structure, using the shell model [4] or cluster
models with the Gaussian Expansion Method [5], for exam-
ple.
For the study of interactions within the strangeness S =−2
sector, the observed ΛΛ bond energies of double-Λ hypernu-
clei are currently the only reliable source of information on the
ΛΛ interaction. In this regard, we stress the importance of the
observation of the double-Λ hypernucleus 6ΛΛHe (NAGARA
event) in the KEK-E373 experiment [6]. Further analysis of
this experiment is still in progress.
Regarding the ΞN interaction, the few current experimen-
tal data indicate that the Ξ-nucleus interactions are attrac-
tive. One example is the observed spectrum of the (K−,K+)
reaction on a 12C target to produce 12ΞBe, where the cross
section for Ξ− production in the threshold region was inter-
preted by assuming a Ξ−-nucleus Woods-Saxon (WS) poten-
tial with a depth of about 14 MeV [7]. Using this assump-
tion, a cluster model calculation predicted values of about
5 MeV for the ground-state Ξ− binding (removal) energy
BΞ− ≡ E(12ΞBe)−E(
11B) with Coulomb interaction for 12ΞBe
and 2.2 MeV without [8], while an AMD approach [9] yielded
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slightly lower values of about 3–5.5 MeV, using the same ΞN
interactions.
Other observed data on the Ξ hypernucleus 13ΞB (12C+Ξ−)
were obtained by emulsion data [10, 11]. The reported
Ξ− binding energies are 3.70+0.18−0.19 MeV, 0.62
+0.18
−0.19 MeV, and
2.66+0.18−0.19 MeV, where the second value was expected to be
consistent with a decay from this system in the 2P state. How-
ever, there is also the possibility that the observed event was
a decay from an atomic 3D state. Therefore, it is hard to con-
firm that this event was an observation of a strongly bound Ξ
hypernucleus.
In 2015, analysis of the KEK-E373 experiment provided
the first clear evidence of the bound Ξ− hypernucleus 15ΞC
[12], produced in the reaction Ξ− + 14N → 15ΞC → 10ΛBe
+ 5ΛHe. This data is called “Kiso” event. Two possible Ξ−
binding energies are interpreted experimentally: (1) One is
BΞ− ≡ E(15ΞC)−E(14N) = 4.38± 0.25MeV, which was de-
duced under the assumption that both hypernuclei 15ΞC and
10
ΛBe involved in the reaction were produced in their ground
states. In this case, the hypernucleus 15ΞC is considered to be
in the state 14N (g.s.)+Ξ−(1s). (2) Another possible bind-
ing energy is BΞ− = 1.11± 0.25MeV, if 10ΛBe was left in an
excited state. Recently JLab reported the energy spectra of
10
ΛBe using the (e,e′K+) reaction [13]. When the energy of
the excited state in 10ΛBe is taken into account, the Ξ− binding
energy is interpreted around 1.11 MeV, and the observed 15ΞC
in the Kiso event is in the state 14N (g.s.)+Ξ−(1p) [14].
The Kiso event is important in the sense that it confirms
that the ΞN interaction is attractive. Now we have the fol-
lowing questions: (i) Can we identify the state of the Kiso
event theoretically, that is, the event is 14N (g.s.)+Ξ−(1s) or
14N (g.s.)+Ξ−(1p)? (ii) How much attraction do we need
to reproduce the observed Ξ− binding energies of the event?
(iii) Can we reproduce the old 12ΞBe data in Ref. [7, 8] using
the same ΞN interaction to reproduce the Kiso event?
To answer these questions, we adopt the relativistic mean
field (RMF) and Skyrme Hartree-Fock (SHF) models to study
the Kiso event by employing effective interactions, which will
be fitted to reproduce the experimental Ξ− binding energy of
15
ΞC, and with those interactions we investigate whether a con-
2sistent theoretical description for 15ΞC and 12ΞBe is possible or
not.
The mean-field theory is a powerful theoretical approach,
which can be globally applied from light to heavy (hy-
per)nuclei [15]. It should be stressed that this approach
has also been employed successfully for Λ hypernuclei with
A ∼ 10, which are relatively light systems [15–18, 20]. In
the present work, we study Ξ hypernuclei with A = 12 and
15 and focus on the states 11B (g.s.)+Ξ(1s) for 12ΞBe and
14N (g.s.)+Ξ−(1s,1p) for 15ΞC, and their hyperon separation
energy,
BY = E([n, p,Y ])−E([n, p,−]) . (1)
It should be noted that the core nuclei of 11B and 14N are com-
pact shell structures and then it is not expect to have any dy-
namical contraction of the core by addition of a hyperon. This
phenomena was already pointed out in Ref. [19]. Thus, for
this observable one can expect that a major part of an inac-
curate description of the common nuclear core [n, p] cancels
out, as well as that other uncertainties such as center-of-mass,
pairing, deformation corrections etc., become much less rele-
vant. The removal energy then depends predominantly on the
phenomenological YN interaction parameters that we adjust
to the data, i.e., the hyperon-nucleus mean field. Therefore it
is expected that we can safely interpret the state of the Kiso
event theoretically.
It should also be noted that the Ξ− hypernuclei decay into
double-Λ hypernuclei by the ΞN–ΛΛ coupling. Therefore, the
ΞN interaction should have an imaginary part to represent the
decay width. However, since we have no experimental infor-
mation on this coupling by Refs. [7, 12], here the imaginary
part is omitted.
This article is organized as follows: In Sec. II, the theo-
retical methods and interactions are briefly described. The
numerical results and corresponding discussions for 15ΞC and
12
ΞBe are presented in Sec. III. A summary is given in Sec. IV.
II. MODELS AND INTERACTIONS
A. Relativistic Mean Field Model
The starting point of the meson-exchange RMF model for
hypernuclei is the covariant Lagrangian density
L = LN +LY , (2)
where LN is the standard RMF Lagrangian density for the
nucleons [21, 22], and LY is the Lagrangian density for the
hyperons [23], in which the couplings with the scalar σ , vec-
tor ωµ , vector-isovector ρµ mesons, and the photon Aµ are
included. For the charged Y =Ξ hyperon with isospin 1/2, the
Lagrangian density LY reads
LY = ψΞ
[
iγµ∂µ −mΞ− gσΞσ − gωΞγµωµ (3)
−gρΞγµτΞ ·ρµ − eγµ
τΞ,3 − 1
2
Aµ −
fωΞ
2mΞ
σ µν∂ν ωµ
]
ψΞ ,
where mΞ is the mass of the Ξ hyperon, gσΞ, gωΞ, and gρΞ
are the coupling constants of the Ξ hyperon with the σ , ω ,
and ρ mesons, respectively, and τΞ,3 is the third component
of the isospin vector τΞ (+1 for the neutral Ξ0 and −1 for
the negatively charged Ξ−). The last term in LY is the tensor
coupling with the ω field. For the studies of Λ hypernuclei
with the RMF model, see [15] and references therein.
For a system with time-reversal symmetry, the space-like
components of the vector fields vanish, only leaving the time
components ω0, ρ0, A0. Furthermore, one can assume that
in all nuclear applications, the hyperon single-particle (s.p.)
states do not mix isospin, i.e., the s.p. states are the eigen-
states of τΞ,3, and therefore only the third component of the
ρ0 meson field, ρ0,3, survives.
With the mean-field and no-sea approximations, the
s.p. Dirac equations for baryons and the Klein-Gordon equa-
tions for mesons and photon can be obtained by the variational
procedure. In the spherical case, the Dirac spinor can be ex-
panded as
ψnκm(r) =
(
iGnκ(r)
Fnκ(r)σ · rˆ
) Y ljm(θ ,φ)
r
, (4)
where Gnκ(r)/r and Fnκ(r)/r are the radial wave functions
for the upper and lower components, Y ljm(θ ,φ) are the spinor
spherical harmonics, and the quantum number κ is defined by
the angular momenta (l, j) as κ = (−1) j+l+1/2( j+ 1/2).
The Dirac equation for the radial wave functions of the Ξ
hyperon is(
V + S − ddr +
κ
r
+T
d
dr +
κ
r
+T V − S− 2mΞ
)(
GΞnκ
FΞnκ
)
= eΞnκ
(
GΞnκ
FΞnκ
)
,
(5)
where eΞnκ is the s.p. energy, and
S = gσΞσ , (6a)
V = gωΞω0 + gρΞτΞ,3ρ0,3 + e
τΞ,3− 1
2
A0 , (6b)
T =−
fωΞ
2mΞ
∂rω0 (6c)
are the scalar, vector, and tensor potentials, respectively.
The meson and photon fields satisfy the radial Laplace
equations (
−
d2
dr2 −
2
r
d
dr +m
2φ
)
φ = Sφ (7)
with the source terms
Sφ =

−gσρs− gσΞρsΞ− g2σ2− g3σ3 , for σ ,
gωρv + gωΞρvΞ +
fωΞ
2mΞ
∂i j0iT Ξ− c3ω30 , for ω0 ,
gρρ3 + gρΞρ3Ξ− d3ρ30,3 , for ρ0,3 ,
eρc + eρcΞ , for A0 ,
(8)
where mφ are the meson masses for φ = σ ,ω0,ρ0,3 and zero
for the photon, gσ , gω , gρ , g2, g3, c3, and d3 are the parameters
3for the nucleon-nucleon (NN) interaction in the Lagrangian
density LN [22], ρs(ρsΞ), ρv(ρvΞ), ρ3(ρ3Ξ), and ρc(ρcΞ) are
the radial scalar, baryon, isovector, and charge densities for
the nucleons (hyperons), respectively, and j0iT Ξ is the tensor
density for the Ξ hyperons.
With the radial wave functions, these densities for the Ξ
hyperons can be expressed as
ρsΞ(r) =
1
4pir2
AΞ∑
k=1
[
|GΞk (r)|2 −|FΞk (r)|2
]
, (9a)
ρvΞ(r) =
1
4pir2
AΞ∑
k=1
[
|GΞk (r)|2 + |FΞk (r)|2
]
, (9b)
ρ3Ξ(r) =
1
4pir2
AΞ∑
k=1
[
|GΞk (r)|2 + |FΞk (r)|2
]
τΞ,3 , (9c)
ρcΞ(r) =
1
4pir2
AΞ∑
k=1
[
|GΞk (r)|2 + |FΞk (r)|2
] τΞ,3− 1
2
, (9d)
j0T Ξ =
1
4pir2
AΞ∑
k=1
[
2GΞk (r)FΞk (r)
]
n , (9e)
where n is the angular unit vector. The hyperon number AΞ
can be calculated by the integral of the baryon density ρvΞ(r)
in coordinate space as
AΞ =
∫
4pir2dr ρvΞ(r) . (10)
The coupled equations (5)-(10) in the RMF model are solved
by iteration in coordinate space.
As the translational symmetry is broken in the mean-
field approximation, a proper treatment of the center-of-mass
(c.m.) motion is very important, especially for light nuclei. In
the present calculation, we employ the microscopic c.m. cor-
rection as in [24],
Ec.m. =−
1
2M
〈P̂ 2〉 , (11)
where M =∑B MB = AMN +AΞmΞ is the total mass of the (hy-
per)nucleus and P̂ = ∑B P̂B is the total momentum operator.
With the c.m. correction, the total energy for the hypernucleus
in RMF is finally given as
Etot =
A
∑
k=1
ek +
AΞ∑
k=1
eΞk − 2pi
∫
r2dr×[
gσ ρsσ + gσΞρsΞσ +
1
3 g2σ
3 +
1
2
g3σ4
+gωρvω0 + gωΞρvΞω0 +
fωΞ
2mΞ
∂i j0iT Ξω0 −
1
2
c3ω
4
0
+gρρ3ρ0,3 + gρΞρ3Ξρ0,3−
1
2
d3ρ40,3
+eρcA0 + eρcΞA0
]
+Ec.m. . (12)
In this work, the RMF Dirac equation is solved in a box
of size R = 20 fm and a step size of 0.05 fm. For the NN
interaction, the PK1 [25] parameter set is used. For the
ΞN interaction, the scalar coupling constant gσΞ is adjusted
in order to reproduce the Ξ− binding energy of 15ΞC in ei-
ther the ground (s) state BΞ− ≈ 4.4 MeV or the excited (p)
state BΞ− ≈ 1.1 MeV [12, 14]. The vector coupling con-
stant gωΞ = gω/3 is determined from the naive quark model
[26], and the tensor coupling constant fωΞ =−0.4gωΞ is taken
as in Refs. [23, 27]. The vector-isovector coupling constant
gρΞ = gρ [23] is determined by the SU(3) Clebsch-Gordan
coefficients.
B. Skyrme-Hartree-Fock Model
We employ a model based on the one-dimensional (spheri-
cal) self-consistent SHF method [28, 29], first extended to the
theoretical description of Λ hypernuclei in Ref. [16], and now
used for hyperons Y = Ξ− here. The fundamental SHF local
energy density functional of hypernuclear matter is written as
εSHF = εN + εY , (13)
and depends on the one-body densities ρq, kinetic densities
τq, and spin-orbit currents Jq,[
ρq, τq, Jq
]
=
Nq
∑
i=1
niq
[
|φ iq|2, |∇φ iq|2, φ iq∗(∇φ iq ×σ)/i
]
, (14)
where φ iq (i = 1,Nq) are the self-consistently calculated
s.p. wave functions of the Nq occupied states for the species
q = n, p,Y in a hypernucleus.
The functional εN is the usual nucleonic part [28, 29] and
a possible standard parametrization for the hyperonic part is
[16, 18]
εY =
τY
2mY
+ a0ρY ρN + a3ρY ρ2N + a1 (ρY τN +ρNτY ) (15)
− a2 (ρY ∆ρN +ρN∆ρY )/2− a4 (ρY ∇ ·JN +ρN∇ ·JY ) ,
from which one obtains the corresponding hyperonic SHF
mean fields
VY = a0ρN + a1τN − a2∆ρN − a4∇ ·JN + a3ρ2N , (16)
V (Y)N = a0ρY + a1τY − a2∆ρY − a4∇ ·JY + 2a3ρY ρN , (17)
and a Y effective mass
1
2m∗Y
=
1
2mY
+ a1ρN . (18)
The relation to the standard YN Skyrme parameters tYN0,1,2,3 is
a0 = t0 , a1 =
t1 + t2
4
, a2 =
3t1− t2
8 , a3 =
3t3
8 . (19)
Minimizing the total energy of the hypernucleus, E =∫
d3r εSHF(r), one arrives at the SHF Schro¨dinger equation[
∇ · 12m∗q(r)
∇−Vq(r)− eqVC(r)+ iWq(r) · (∇×σ)
]
φ iq(r)
= eiq φ iq(r) , (20)
4where VC is the Coulomb field and WN the nucleonic spin-
orbit mean-field [29]. In contrast to Λ hypernuclei, the
Coulomb interaction is very important for the light Ξ− hy-
pernuclei discussed here. An approximate c.m. correction is
applied as usual [29] by replacing the bare masses:
1
mq
→
1
mq
−
1
M
, (21)
where M = (Nn + Np)mN + NY mY is the total mass of the
(hyper)nucleus. This correction is the one to be used with
most nucleonic Skyrme forces [24, 28, 29], and corresponds to
keeping only the diagonal contributions in Eq. (11). Solving
the Schro¨dinger equation provides the wave functions φ iq(r)
and the s.p. energies −eiq for the different s.p. levels i and
species q. We use in this work the standard nucleonic Skyrme
force SLy4 [30], but the results for hyperonic observables
hardly depend on that choice.
There are currently not enough data to determine all YN
interaction parameters ai. We therefore discuss three simple
choices in the following: The first, termed SL0, is to consider
only the volume parameter a0. This is justified by the fact
that the a1 parameter is related to the hyperon effective mass,
Eq. (18); however, recent Brueckner-Hartree-Fock (BHF) cal-
culations [31] indicate that the Ξ− s.p. spectrum is rather
flat and thus m∗Y/mY close to unity. This is demonstrated in
Fig. 1(top), where we plot the real and imaginary parts of
the momentum-dependent Ξ− BHF s.p. potential UΞ(k) [31].
The imaginary part is fairly small, at least at low momenta,
ImU(0)/ReU(0) ≈ 0.2, which justifies to neglect it for the
moment. (ImU depends strongly on the coupling of the ΞN
and ΛΛ channels, and the BHF results were obtained with the
Nijmegen ESC08b YN and YY potentials.)
The parameter a2 has no directly observable effect, but de-
termines the surface energy and might simulate finite-size ef-
fects to some extend [28]. Motivated by the equivalent pa-
rameter of the recently derived SLL4 ΛN Skyrme force [18],
we introduce a further ΞN Skyrme force, SL2, with the fixed
value a2 = 20MeV fm5, and an adjustable a0.
The parameter a3 can be related to the nonlinear density de-
pendence of the Ξ− mean field in homogeneous nuclear mat-
ter,
VY (ρN) = a0ρN + a1τN + a3ρ2N . (22)
Again referring to the BHF results [31], we fix this parame-
ter roughly to a3 = 1000MeV fm6, and this force is termed
SL3. For comparison, in the SLL4 ΛN Skyrme force [18], the
equivalent optimal parameter is aΛN3 ≈ 700MeV fm
6
, whereas
aNN3 ≈ O(2000MeV fm
6) in typical nucleonic Skyrme forces
[29].
We show in Fig. 1(bottom) the density dependence of the
SL0,2,3 Skyrme forces (with parameters fixed in the next sec-
tion) in comparison with the BHF s.p. potential depth UΞ(k =
0) in nuclear matter. One notes in particular the very differ-
ent behavior of the SL0,2 and SL3 forces, which has conse-
quences for the predicted BΞ− values in light and heavy hyper-
nuclei later. The volume term of the SL2 force has to provide
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FIG. 1. (Color online) Top: BHF s.p. potentials UΞ(k) (real and
imaginary parts) in symmetric nuclear matter at ρN = 0.17fm−3, ob-
tained with the Nijmegen ESC08b YN model [31].
Bottom: Dependence on nuclear density of BHF s.p. potential U0 ≡
UΞ(k = 0) (black solid and dashed curves), and the Skyrme SL0,2,3
mean fields VΞ (dotted red, green, and blue curves) in homogeneous
nuclear matter, Eq. (22). The subscript s(p) for each interaction de-
notes the potential obtained by the assumption of Ξ occupation in
s(p) orbit in Table I. See the captions to Table I for details.
more attraction than that of the SL0 force, because the SL2
surface term acts repulsive.
It is important to stress that the Nijmegen (or any other) YN
potentials do not provide an independent prediction of the cor-
rect Ξ− mean field; their parameter values have rather been
adjusted motivated by different current hypernuclear experi-
mental data. We use the BHF results here only in order to fix
approximately the value of the a3 Skyrme parameter.
We discuss now the choice of the relevant parameter a0 of
the SL0,2,3 forces. At the moment it is clearly premature to
try to fix all ΞN Skyrme parameters; we use the different vari-
ations of the SL* force only in order to investigate the quali-
tative physical consequences of the different interaction terms
in confrontation with the data. For the same reason we do not
introduce further parameters for the isospin dependence of the
5TABLE I. The Ξ− removal energies BΞ− (in MeV) of 15ΞC and
12
ΞBewith the framework of (a) RMF and (b) SHF. The calculated val-
ues in parenthesis are those in the case of switching off ΞN Coulomb
interaction. The bold numbers have been fitted so as to reproduce
the observed data of Kiso event [12]. In (a), RMFσωρ ( RMFσω ) de-
notes results with (without) the isospin dependent potential, adopting
different coupling constants ασΞ ≡ gσΞ/gσ and αρΞ ≡ gρΞ/gρ . In
(b), Results, SL0,SL2 and SL3 are obtained with ΞN Skyrme forces
of different parameters a0, a2, and a3,respectively. The subscripts s
and p denote the orbit in which Ξ is trapped.
(a) ασΞ αρΞ 15ΞsC 15ΞpC 12ΞsBe
RMFσωρs 0.295 1 4.4 (1.1) 1.7 (-0.3)
RMFσωs 0.296 0 4.4 (1.1) 2.7 ( 0.3)
RMFσωρp 0.313 1 9.4 (5.7) 1.1 6.1 ( 3.4)
RMFσωp 0.311 0 8.0 (4.3) 1.1 6.2 ( 3.4)
(b) a0 a2 a3 15ΞsC 15ΞpC 12ΞsBe
SL0s -74 0 0 4.4 (0.9) 2.4 (-0.1)
SL2s -86 20 0 4.4 (1.0) 2.3 (-0.2)
SL3s -194 0 1000 4.4 (1.1) 2.6 ( 0.3)
SL0p -128 0 0 10.4 (6.6) 1.1 8.0 ( 5.2)
SL2p -138 20 0 10.0 (6.2) 1.1 7.3 ( 4.5)
SL3p -228 0 1000 7.2 (3.7) 1.1 5.2 ( 2.6)
Exp. or empirical data 4.38±0.25 1.11±0.25 5 ( 2.2)
Ref. [12] [13, 14] [7, 8]
interaction, e.g.,
a0ρN → an0ρn + a
p
0ρp , (23)
in order to accommodate the Lane potential. We will discuss
later this possibility.
III. RESULTS AND DISCUSSION
The calculated results, Ξ− removal energies of 15ΞC together
with the parameter values (ασΞ,ρΞ and a0,2,3, respectively) are
listed in Table I within the frameworks of RMF and SHF. We
calculated the binding energies with and without Coulomb in-
teraction in order to see its effects. For comparison, the s-
state Ξ− removal energies for the hypernucleus 12ΞBe are also
given. In addition, the experimental data for 15ΞC and 12ΞBe are
listed. Especially, in the case of 12ΞBe, we list empirical data
by the cluster model calculations [8], assuming the observed
Ξ− binding energy of 12ΞBe in the ground state to be 2.2 MeV
without Coulomb interaction.
In the RMF calculations of 15ΞC, which has a pure isospin-
zero nuclear core, the entire ρ field is generated by the hy-
peron due to the hyperon self-interaction. This Ξ self-energy
is considered as “spurious” and should be removed [23]. For
the hypernucleus 12ΞBe with non-zero isospin nuclear core, this
spurious field also exists. In the following, as in Ref. [23],
we will isolate the Ξ-ρ self-interaction by switching off the ρ
coupling to the nucleons, while the Ξ-ρ interaction is left un-
changed. By comparing the results with those for gρ = gρΞ =
0 1 2 3 4 5
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FIG. 2. (Color online) The potential between 14N and Ξ− obtained
by the RMFσωρ model. The black solid line is shown with all com-
ponents, Vσ+ω +Vρ +VC . To see the contributions to VΞ, the self-
coupling Vρ defined by V
(S)
ρ , Vρ , Vσ+ω and Coulomb potential VC
are shown separately.
0, we obtain the spurious contribution of the hyperon self-
interaction, which we then subtract from the results of the full
calculations.
For illustration, in Fig. 2 the hyperon self-coupling poten-
tial V (s)ρ and the different contributions to the local Ξ− mean-
field potential VΞ in 15ΞC are plotted with the force RMF
σωρ
s .
It can be seen that the spurious Ξ-ρ potential is repulsive with
the central part around 2.5 MeV in 15ΞC. However, the potential
Vρ contributed by the ρ meson is much reduced after subtract-
ing V (s)ρ and becomes very slightly attractive. In the following,
we will compare the results of the full model RMFσωρ and
a reduced model RMFσω without ρ meson, in order to un-
derstand better the role of the associated isospin dependence
of the ΞN interaction (Lane potential). Thus, the isospin de-
pendence has only a very weak effect of reduction by about
0.1 MeV, comparing the results of the RMFσωρ and RMFσω
models.
As shown in Table I, when we adjust the ΞN interaction so
as to reproduce BΞ− = 4.4 MeV for 15ΞC in the ground state
(entries with subscript “s”), that is, 14N (g.s.)+Ξ−(1s), we
find that BΞ− ≈ 1 MeV without Coulomb interaction, which
means that the attraction effect of the Coulomb interaction is
about 3 MeV. With those ΞN interactions, the calculated Ξ−
binding energy of 12ΞsBe is 1.7–2.7 MeV by the RMF and 2.3–
2.6 MeV by the SHF model, respectively. These energies are
less bound in comparison with the “empirical data” of BΞ− ≈
5 MeV with Coulomb.
Next, when we adjust the ΞN interactions so as to repro-
duce BΞ− = 1.1 MeV for 15ΞC in the excited state (entries with
6subscript “p”), that is, 14N (g.s.)+Ξ−(1p), the calculated BΞ−
of 12ΞsBe is 6.1–6.2 MeV by the RMF, which is more consistent
with the “empirical value” of BΞ− ≈ 5 MeV. Here, it should
be noted that we have error bar, ±0.25 MeV, in BΞ− for 15Ξ C.
Then, when we tune the ΞN interactions to be 0.86 MeV and
1.36 MeV, which are upper and lowest BΞ− for 15Ξ C, the en-
ergies of 14N (g.s.)+Ξ−(1p)are 5.41 MeV and 6.88 MeV, re-
spectively, which are not away from the ’emprical data’.
Here, the Ξ− hyperon occupies the 1p3/2 state, because
the spin-orbit splitting of the 1p state is found very small,
0.06 MeV, and the 1p3/2 orbit is lower. On the other hand,
within the framework of SHF, the calculated BΞ− using SL0,
SL2, and SL3 are 8.0, 7.3, and 5.2 MeV, respectively. In or-
der to interpret the different results by RMF and SHF, we will
now discuss the associated potentials VΞ.
In Fig. 3, the different RMF and SHF mean field poten-
tials in the 12ΞBe hypernucleus are plotted, including the lo-
cal Coulomb field VC, the strong mean field VΞ in Eqs. (6,16)
together with the components Vσ+ω = gσΞσ + gωΞω0 and
Vρ = gρΞτΞ,3ρ0,3−V (S)ρ subtracting the spurious potential V (S)ρ
in the RMF case. One notes in particular the very different
shapes of the SL0,2 and SL3 results, caused by the different
density dependence of those forces. The shape of the RMF
mean field corresponds roughly to the one of the linear SL0,2
forces. In the latter case the a2 surface-energy term has the ef-
fect of widening the potential well, rendering the SL2 results
more close to the RMF ones.
The Coulomb potentials obtained in the two frameworks
are very similar. For comparison also the WS mean field (V
and r given in MeV and fm, respectively)
VWS(r) =−14/(1+ exp[(r− 2.52)/0.65]) , (24)
used in the analysis of Ref. [12] is shown in the figure.
In panels (a) and (b), the depths of the mean fields SL0,2s
and RMFs are nearly the same as the WS parametrization,
VΞ(0) ≈ −14MeV. However, the widths are much more nar-
row, which provides less binding. In panels (c) and (d), the
mean fields SL0p and RMFp are much deeper than the WS
parametrization, remedying their narrow widths, and finally
provide much larger Ξ− removal energies. It can be seen that
the mean field SL0p has about the same depth, but is wider
than the one of RMFp, which leads to an about 2 MeV larger
Ξ− binding energy listed in Table I.
Comparing with the “empirical value” of 12ΞsBe, the interac-
tions RMF and SL3 are capable to simultaneously reproduce
the data of 15ΞpC and 12ΞsBe. Therefore we support the claim that
the “Kiso event” could be an observation of the excited state
in 15ΞC, i.e., 14N (g.s.)+Ξ−(1p), which is consistent with one
of the experimental interpretations. With the compatible ΞN
interactions, we then predict that the BΞ− of the ground state
of 15ΞsC should be 8.0–9.4 MeV with RMF and 7.2 MeV using
SL3 with SHF. This range is not small due to the fact that the
p-state Ξ probes mainly fairly low nuclear densities, such that
the behavior of the Ξ mean field remains largely unconstrained
at normal nuclear density, relevant for the s state.
Furthermore, we have in this work only adjusted the
isoscalar ΞN interactions, and disregarded fitting also the
isospin dependence of the interaction. This situation can only
improve with the availability of more unambiguous and pre-
cise data.
IV. SUMMARY
Motivated by the recent observation of the 15ΞC (14N+Ξ−)
Kiso event, which provides the first clear evidence for a
strongly bound Ξ− hypernuclear state, we have studied the
structure of that Ξ− hypernucleus and the ΞN interaction
within the framework of the RMF and SHF models. The ΞN
interactions are constructed by reproducing the experimental
data. For the Kiso event, we have two interpretations for the Ξ
binding energy BΞ− , ≈ 4.4 MeV or ≈ 1.1 MeV, which could
correspond to the ground state and excited state of 15ΞC with
the Ξ− hyperon in the 1s and 1p orbits, respectively.
First, assuming 15ΞC to be the ground state
14N (g.s.)+Ξ−(1s), and adjusting the ΞN interaction so
as to reproduce BΞ− = 4.4 MeV, the calculated BΞ− of 12ΞBe
is 1.7–2.7 MeV with Coulomb interaction, which is excluded
due to the much smaller values of BΞ− than the empirical
data ≈ 5 MeV, unless the WS mean field is about 2–3 MeV
less than 14 MeV for that nucleus, or the Lane potential is
unusually attractive for 12ΞBe [32].
Next, assuming 15ΞC to be the excited state
14N (g.s.)+Ξ−(1p), we tune the ΞN interaction to yield
BΞ− = 1.1 MeV for 15ΞpC, the obtained 12ΞBe becomes much
more bound with respect to the 11B+Ξ− threshold. With
Coulomb interaction, it is 6.1–6.2 MeV by the RMF and
5.2 MeV by the SL3 of SHF, which appear consistent with
the empirical data BΞ− ≈ 5 MeV.
Combining the above two cases, the preferred interpreta-
tion of the Kiso event is an observation of the excited state in
15
ΞC, i.e., 14N (g.s.)+Ξ−(1p) by the approaches of RMF and
SHF, which is consistent with the experimental analysis. Then
the predicted Ξ removal energy of 15ΞC in the ground state is
7.2–9.4 MeV. Currently, it is planned to perform an emulsion
experiment to search for double-strangeness hypernuclei at J-
PARC this year. Our prediction should be confronted with the
future data, which will also serve to constrain better the RMF
and SHF ΞN interaction parameters.
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FIG. 3. (Color online) Local Ξ− mean field VΞ and Coulomb field VC (short-dashed red curves) in 12ΞBe, obtained with the SHF (a, c) and RMF(b, d) models with various forces in Table I. The Woods-Saxon mean field deduced in [7] is shown for comparison by dash-dotted blue curve.
The panels (a) and (b) show VΞ for the Ξ− occupation of s−orbit, while Ξ− occupies p−orbit in (c) and (d). In (a) and (c), results of different
sets of Skyrme parameters SL0, SL2 and SL3 are shown by solid, dashed and dashed-dotted curves, respectively. In the RMF cases (b) and
(d), the components Vσ+ω (long-dash-dotted magenta curve), Vρ (dash-dot-dotted green curve), and the spurious potential V (s)ρ (dashed orange
curve) are shown separately. The sum of Vσ+ω , Vρ , VC and V (s)ρ is denoted by VΞ RMFσωρ (solid curve), while the sum without the isovector
potential Vρ is given by VΞ RMFσω (long dashed curve).
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